Hepatocellular carcinoma (HCC) is one of the most common malignant tumors with an increasing incidence and the third leading cause of cancer-related deaths worldwide[@b1]. The distribution of HCC is unbalanced throughout the world, with the highest incidence in Asia and Sub-Saharan Africa, especially in China[@b2]. As a notoriously aggressive solid tumor, HCC is characterized by fast infiltrating growth, early metastasis, high-grade malignancy, and poor prognosis. This cancer often develops as a consequence of underlying liver diseases such as hepatitis B virus (HBV) and hepatitis C virus (HCV) infections, and is almost associated with cirrhosis[@b3]. At present, surgical hepatic resection and liver transplantation are the only curative treatment modality to confer survival benefit in HCC patients. However, the resistance of HCC to existing treatments and the lack of biomarkers for early detection make it one of the most hard-to-treat cancers. The overall 5-year survival rate for HCC patients is still only 5%[@b4]. Since HCC remains incurable with current therapies, novel therapeutic agents or strategies are urgently needed.

Traditional Chinese Medicine (TCM), as one of the most popular complementary and alternative medicine modalities worldwide, has been practiced in China for more than 2,000 years. TCM emphasize on regulating the integrity of the human body as well as the interaction between human individuals and their environment, which is the balance-regulation theory[@b5]. Several complex molecular events have been demonstrated to be involved in human tumorigenesis. The interactions of these abnormal molecules may constitute cancer-specific imbalanced networks. TCM, which efficiently reverse the cancer-specific imbalanced networks, has become an available option in many cancer centers in Asia[@b6], Western countries[@b7], and Africa[@b8]. Accumulating studies have demonstrated that Chinese herbs have an anticancer effect by inducing apoptosis of cancer cells, enhancing the immune system, inducing cell differentiation, and inhibiting telomerase activities and growth of tumor[@b9]. In the treatment of HCC, TCM can stimulate host immune response that has cytotoxic activity against tumor cells[@b10]. For example, several TCM ingredients, such as Panax ginseng, toad skin secretions (bufotoxin), Astragalus, beetle extracts (Mylabris), Atractylodes, Curcuma and Bupleurum, have been reported to have oncologic and immunologic pharmacology[@b11]. Gansui Banxia Tang (GSBXT), as a classic TCM formula from Chinese medical sage Zhang Zhongjing is prepared from a basic formula of five ingredients, including Radix Kansui (Gansui), Rhizoma Pinelliae (Banxia), Radix Glycytthizae (Gancao), Raidix Paeoniae Alba (Baishao) and Mel (Fengmi). It is widely produced in China in accordance with the China Pharmacopoeia standard of quality control. In TCM theory, multiple agents contained in one formula must work synergistically. With regard to GSBXT, Radix Kansui and Rhizoma Pinelliae are the primary ingredients and are believed to be strongly effective in expelling water; Raidix Paeoniae Alba, Radix Glycytthizae and Mel can either focus the actions of the formula on a certain area of the body or harmonize and integrate the actions of the other ingredients of the formula. Since it contains one of "Eighteen antagonisms"-the controversial prohibited combinations in TCM, namely Radix Kansui (Gansui) and Radix Glycytthizae (Gancao), the clinical applications of GSBXT have been hampered. This formula has been used for the treatment of cancerous ascites, pleural effusion, peritoneal effusion, pericardial effusion, cranial cavity effusion, intestinal tuberculosis, gastrointestinal inflammation, and several types of cancers, such as HCC and esophageal cancer[@b12][@b13][@b14][@b15][@b16][@b17][@b18][@b19]. However, its pharmacological mechanisms have not been fully elucidated.

Chinese herbal formulas (Fu-Fang) are multi-component and multi-target agents, essentially achieving the therapeutic effectiveness through collectively modulating the molecular network of the body system using its active ingredients. System biology, with its extremely high efficiency and molecular level representation, has been widely used in understanding the complex interactions of proteins and small molecules in a biological system and evaluating how these interactions give rise to the function and behavior of that system. It provides powerful new tools and conceptions to measure the efficacy and to reveal the functional mechanisms of drugs, especially the multi-target drugs. In our previous study[@b20], we developed a systems-pharmacological model by combining multiple drug-target prediction and network pharmacology strategies, to investigate the pharmacological mechanisms of Wu Tou Tang acting on rheumatoid arthritis for the first time. Since network description and analysis can give a systems-level understanding of drug action and disease complexity[@b21], the combination of special disease related network using disease significant molecules into the systems-pharmacological model will be very helpful to explain the functions of herbal medicines on special diseases. Thus in this study, we developed a comprehensive systems approach for understanding the pharmacological mechanisms of GSBXT acting on HCC. Our protocol includes four main steps: (1) prediction of putative targets for GSBXT; (2) collection of HCC significant molecules and construction of HCC imbalanced network; (3) investigation on the relationships of putative targets of GSBXT with HCC imbalanced network and relative signal pathways, which offers a great opportunity for the deep understanding of the pharmacological mechanisms of GSBXT on reversing this disease-specific imbalanced network; (4) experimental validation of the effects of GSBXT on the growth of HCC and its candidate targets for HCC treatment by the nude mouse xenograft assays. [Figure 1](#f1){ref-type="fig"} depicts the flowchart of the whole experimental procedure.

Results & Discussion
====================

Putative targets for GSBXT
--------------------------

Based on our previous developed target prediction system[@b20], 117 similar drugs of chemical components and 53 known targets of these similar drugs as putative targets for GSBXT were identified. As shown in [Table 1](#t1){ref-type="table"}, the 40 chemical components yielded 53 putative targets and the connections between them reach up to 161. The amount of putative targets hit by Radix Glycytthizae, Radix Kansui, Raidix Paeoniae Alba, Mel and Rhizoma Pinelliae were 38, 13, 12, 9 and 1, respectively. There is a significant target overlap between Radix Glycytthizae and Radix Kansui (11 putative targets), while Rhizoma Pinelliae had no common putative targets with Radix Glycytthizae, Radix Kansui, Mel, and Raidix Paeoniae Alba. Please see detailed information on putative targets and corresponding chemical components of five ingredients in GSBXT in [Supplementary Table S1](#s1){ref-type="supplementary-material"}. Interestingly, 25 in 53 putative targets of GSBXT were HCC significant proteins. Among them, 15 were candidate HCC targets, suggesting the possible role of this formula in the treatment of HCC.

Identification of candidate protein targets associated with HCC therapy
-----------------------------------------------------------------------

In total, 6179 HCC significant genes and 977 HCC significant proteins which were differentially expressed or had genetic variations in HCC tissues relative to their corresponding normal tissues were collected from five existing HCC related databases (OncoDB.HCC, HCC.net, dbHCCvar, EHCO and Liverome) after removing redundancy. Since multiple biological processes or pathways are implicated in tumorigenesis and tumor progression of HCC, we constructed HCC imbalanced network using PPI information between HCC significant proteins and other human proteins. This network consists of 10,894 nodes and 122,181 edges. According to the previous study of Li et al.[@b22], we identified a node as a hub protein if its degree is more than 2 fold of the median degree of all nodes in a network. As the results, there are 2098 hub HCC significant proteins. The network of hub HCC significant proteins consists of 2098 nodes and 61,143 edges. Four topological features, 'Degree,' 'Betweenness', 'Closeness' and 'K value' (defined in 'Materials and methods' section), were chosen to identify candidate HCC targets. After calculating the value of the four features for each hub HCC significant protein in the PPI network, the median values of 'Degree', 'Betweenness', 'Closeness' and 'K value' were 67, 0.03, 39.37 and 31, respectively. Therefore, we determined that HCC significant proteins with 'Degree' \> 67, 'Betweenness' \> 0.03, 'Closeness' \> 39.37, and 'K value' \> 31 were candidate HCC targets for tumor therapy. As a result, 331 proteins were identified as candidate HCC targets. Please see detailed information on topological features of these candidate HCC targets in [Supplementary Table S2](#s1){ref-type="supplementary-material"}. According to the results of enrichment analysis based on GO annotation system and KEGG pathway in [Supplementary File S1 and Figure S1](#s1){ref-type="supplementary-material"}, these candidate HCC markers were more frequently involved in cellular protein metabolic process, translational elongation and intracellular signaling cascade, which are associated with cancer development and metastasis.

Identification of the underlying pharmacological mechanisms of GSBXT acting on HCC
----------------------------------------------------------------------------------

In order to shed light on the synergistic effects and pharmacological mechanisms of GSBXT acting on HCC, we have constructed the ingredient-chemical component-putative target network, putative target PPI network, and ingredient-major putative target-candidate HCC target network.

### Ingredient-chemical component-putative target network for GSBXT

We firstly constructed the Ingredient-chemical component-putative target network for GSBXT in order to clarify the relationships between the ingredients and corresponding putative targets. As shown in [Figure 2](#f2){ref-type="fig"}, the network consists of 98 nodes (5 ingredients, 40 chemical components and 53 putative targets) and 201 edges. The mean number of putative targets per chemical components was 1.33. Among 40 chemical components, 6 have high degree distributions and each of them hits 11 putative targets. Five of them come from Radix Glycytthizae, such as Isogosferol, licochalcone_A, Neohancoside_A, Neoisopulegol, Phebalosin, and the other one (euponin) come from Radix Kansui. Since the chemical components with higher degree in the network have been demonstrated to be more pharmacologically important and our data mentioned above showed that Radix Kansui shared the most common targets with Radix Glycytthizae, Radix Kansui and Radix Glycytthizae might be major ingredients in this pharmacological network.

### Putative target PPI network

Then, we constructed the putative target PPI network in order to evaluate the importance of putative targets in biological network. PPI data between putative targets and other proteins were collected from existing PPI databases (as described in 'Materials and methods' section). As shown in [Figure 3A](#f3){ref-type="fig"}, the network consists of 1845 nodes (containing 48 putative targets marked with red ring) and 2985 edges. Four topological features, 'Degree,' 'Betweenness', 'Closeness' and 'K value' (defined in 'Materials and methods' section), were chosen to identify major putative targets. Totally, we identified 33 major putative targets, the 'Degree', 'Betweenness', 'Closeness' and 'K value' of which were all larger than the corresponding median values. Please see detailed information on topological features of 33 major putative targets in PPI network in [Supplementary Table S3](#s1){ref-type="supplementary-material"}.

### Ingredient-chemical component-major putative target-candidate HCC target network

To further clarify pharmacological mechanisms of GSBXT acting on HCC, we constructed Ingredient-major putative target-candidate HCC target network, which contains 364 nodes (including 5 ingredients and 33 major putative targets of GSBXT, and 326 candidate HCC targets) and 7647 edges as shown in [Figure 3B](#f3){ref-type="fig"}. Of 33 major putative targets, 21 had more than 10 direct interactions with candidate HCC targets. Among them, 16 and 5 were major putative targets of Radix Kansui and Radix Glycytthizae, respectively, suggesting that the two medicines might play a principal role in the prevention of HCC, and other three medicines serve as adjuvant ones to assist the effects of the principal ingredients. Interestingly, the anti-HCC effects of Radix Kansui and Radix Glycytthizae have been reported by previous studies. For example, He et al. demonstrated that Radix Glycyrrhizae polysaccharide could reduce the proportion of Treg cells and up-regulate Th1/Th2 cytokine ratio in serum in H22 hepatocarcinoma bearing mice, which might partially cause the inhibition of tumor growth[@b17]; Yu et al. found the cytotoxic and antitumour activity of an octadecenoic acid extract, mainly containing oleic and linoleic acids, from Radix kansui on HCC cell line (BEL-7402)[@b19].

Experimental validation
-----------------------

### GSBXT inhibits tumor growth in vivo

To investigate whether GSBXT affects tumor growth in vivo, we applied a murine xenograft model of HepG2 cells. The low, middle and high dose groups were treated with GSBXT 3.6 g/kg, 7.2 g/kg and 14.4 g/kg daily p.o., respectively, and the control group received equal volume of saline solution per day. During the treatment, animal weight was not significantly different between the groups at any time point ([Supplementary Figure S3](#s1){ref-type="supplementary-material"}). Meanwhile, according to the hematoxylin-eosin (H&E) stain, no toxic effects were observed in brain, heart, lung, liver or kidney (see [Supplementary Figure S4](#s1){ref-type="supplementary-material"}). Moreover, GSBXT 7.2 g/kg and 14.4 g/kg administration could efficiently inhibit tumor growth in vivo as compared with the control group ([Figure 4A](#f4){ref-type="fig"}). The tumor size and tumor weight of xenografts treated with 7.2 g/kg and 14.4 g/kg GSBXT were both significantly smaller than xenografts from the control group (all P \< 0.05, [Figure 4B and C](#f4){ref-type="fig"}).

### Validation of the major putative targets of GSBXT

Among 21 major putative targets of GSBXT on HCC therapy, Hsp90α (HS90A_HUMAN), ATP1A1 (AT1A1_HUMAN) and STAT3 (STAT3_HUMAN) have most direct interactions with candidate HCC targets (50, 48 and 41 PPIs, respectively), suggesting that these three proteins might play important roles in the treatment of HCC. Therefore, we would like to illustrate their biological significance in HCC therapy as described in [Supplementary File S1](#s1){ref-type="supplementary-material"}. As shown in [Figure S5 \~ S7](#s1){ref-type="supplementary-material"}, the PPI partners of Hsp90α, ATP1A1 and STAT3 are more frequently involved in various cancer related signal pathways. We further detected the changes into Hsp90α, ATP1A1 and STAT3 protein expression in tumor tissues of murine xenograft models with or without GSBXT administration in order to evaluate the influence of GSBXT in the three putative targets. The expression patterns and subcellular localizations of Hsp90α, ATP1A1 and STAT3 proteins in tumor tissues were examined by immunohistochemistry analysis. As shown in [Figure 5A](#f5){ref-type="fig"}, Hsp90α protein was located in cytoplasm of tumor cells. With the treatment of GSBXT (doses of 3.6 \~ 14.4 g/kg), the immunoreactivity of Hsp90α protein was significantly reduced (low dose group vs. control group: 4.00 ± 1.73 vs. 8.00 ± 1.73, P \< 0.05; middle dose group vs. control group: 2.00 ± 1.00 vs. 8.00 ± 1.73, P \< 0.01; high dose group vs. control group: 0.67 ± 0.58 vs. 8.00 ± 1.73, P \< 0.001; [Figure 5A](#f5){ref-type="fig"}). Regarding to ATP1A1 protein, the positive immunoreactivity was observed on the cell membrane of tumor cells in each group ([Figure 5B](#f5){ref-type="fig"}). Compared with the control group, ATP1A1 protein level in the tumor tissues of murine xenograft models treated with 7.2 \~ 14.4 g/kg GSBXT was dramatically reduced (middle dose group vs. control group: 2.33 ± 1.53 vs. 7.00 ± 1.73, P \< 0.01; high dose group vs. control group: 0.33 ± 0.28 vs. 7.00 ± 1.73, P \< 0.001, [Figure 5B](#f5){ref-type="fig"}). Moreover, [Figure 5C](#f5){ref-type="fig"} shown that STAT3 protein was localized in nuclear of tumor tissues. The statistic analysis found that the expression level of STAT3 protein in tumor tissues with the treatment of GSBXT (doses of 7.2 \~ 14.4 g/kg) was significantly lower than that in the control group (middle dose group vs. control group: 4.00 ± 2.00 vs. 8.00 ± 0.73, P \< 0.05; high dose group vs. control group: 1.33 ± 0.58 vs. 8.00 ± 0.73, P \< 0.001, [Figure 5C](#f5){ref-type="fig"}). Similarly, Hsp90α, ATP1A1 and STAT3 protein expression levels detected by western blot analysis were also suppressed by doses of 7.2 \~ 14.4 g/kg GSBXT treatments significantly with a dose-dependent tendency (all P \< 0.05, [Figure 5D](#f5){ref-type="fig"}).

Accumulating studies have demonstrated that Hsp90α, ATP1A1 and STAT3 proteins may be upregulated in HCC, and the inhibition of these proteins may effectively retard the growth of HCC[@b22][@b23][@b24]. Thus, we speculate that GSBXT might play a role in suppressing tumor aggressive progression of HCC by targeting Hsp90α, ATP1A1 and STAT3 proteins.

Conclusion
==========

Systems biology and network pharmacology are opening up the possibility to understand the multiple targets of ingredients in TCM formula and their interactions in the context of molecular networks. In the current study, we conducted a systems-level investigation combined with network analysis and experimental validation for pharmacological mechanisms of GSBXT on reversing HCC imbalanced network. Our results show as following:

\(1\) HCC imbalanced network was constructed using PPI data of HCC significant genes and proteins, which were differentially expressed or have genetic variations in HCC. Analysis on this disease-specific imbalanced network enables us to sufficiently utilize the gene co-expression information, which is believed to be more informative than expression changes of individual genes for target gene identification. In addition, network analysis is a powerful tool to understand pathological mechanisms of disease. By integrating the topological features of biological network, a list of candidate HCC targets were identified.

\(2\) The putative targets of five ingredients in GSBXT were predicted, which provides clues to investigate the pharmacological mechanisms of this formula for the treatment of HCC.

\(3\) The pharmacological network of GSBXT was build according to the relationships among ingredients, chemical components and putative targets, which provides insights into the synergetic effects of ingredients in this formula.

\(4\) Multilevel network with combination of HCC imbalanced network and pharmacological network of GSBXT has been build and can pinpoint out the key players of this formula acting on HCC and the corresponding putative targets.

\(5\) Bioinformatics integrated with experimental validation may provide an efficient and credible method to clarify the complicated multitargets mechanism for Chinese herbal formula.

However, the analysis favored well-studied genes and proteins, because the published literature-based primary interconnections were key criteria used to build the network. Thus, the current model might not be as effective for identifying orphan genes that function as central hubs in the network.

Taken together, this study developed a comprehensive systems approach of integrating disease-specific and drug-specific networks, and successfully explained the pharmacological mechanisms of GSBXT on reversing the HCC imbalanced network for the first time. Meanwhile, further experimental validation also demonstrated the preventive effects of GSBXT on tumor growth in mice and its regulatory effects on potential targets.

Methods
=======

Data preparation
----------------

### Structural information of chemical components of each ingredient in GSBXT

Structural information (\*.mol or \*.sdf files) of the chemical components of each ingredient in GSBXT were obtained from TCM Database\@Taiwan23 (http://tcm.cmu.edu.tw/, Updated in Jun 28, 2012), which is currently the largest non-commercial TCM database worldwide. In total, we collected the structural information of 4 compounds for Radix Kansui, 13 compounds for Rhizoma Pinelliae, 82 compounds for Radix Glycytthizae, 15 compounds for Raidix Paeoniae Alba and 3 compounds for Mel.

### HCC-significant gene and protein selection

HCC-significant genes and proteins were collected from five HCC related databases, including OncoDB.HCC (Last modified on Apr. 2008, http://oncodb.hcc.ibms.sinica.edu.tw/index.htm), HCC.net (Update time: Apr 18, 2010, http://www.megabionet.org/hcc/index.php), dbHCCvar (Last modified on Sep 4, 2012, http://genetmed.fudan.edu.cn/dbHCCvar/), EHCO (Encyclopedia of Hepatocellular Carcinoma genes Online, Last modified on Sep, 2012, http://ehco.iis.sinica.edu.tw), and Liverome (Last modified on Apr 14, 2011, http://liverome.kobic.re.kr/). For HCC-related molecular events, OncoDB.HCC is the first comprehensive HCC oncogenomic database and contains 577 HCC-related genes[@b24]. HCC.Net, which has compiled a network with thousands of HCC-related genes identified in different types and stages of HCC, contains 2,131 HCC-related genes[@b25]. dbHCCvar is an online database which contains 636 human genetic variations and 195 human genes which have been statistically tested to be associated with HCC[@b26]. EHCO is derived from thirteen gene sets related to HCC and gives 3833 HCC-significant genes[@b27]. Liverome is a curated database containing 6024 liver cancer-related gene signatures obtained mostly from published microarray and proteomic studies, and thoroughly curated by experts[@b28]. In order to facilitate data analysis, the different ID types for HCC significant genes and proteins were converted to ID from UniProtKB-Swiss-Prot.

### Protein-protein interaction (PPI) data

PPI data were imported from eight existing PPI databases including Human Annotated and Predicted Protein Interaction Database (HAPPI)[@b29], Reactome[@b30], Online Predicted Human Interaction Database (OPHID)[@b31], InAct[@b32], Human Protein Reference Database (HPRD)[@b33], Molecular interaction Database (MINT)[@b34], Database of Interacting Proteins (DIP)[@b35], and PDZBase[@b36]. The detailed information on these PPI databases is described in [Supplementary Table S3](#s1){ref-type="supplementary-material"}. In order to facilitate data analysis, the different ID types for proteins from different PPI databases were converted to ID from UniProtKB-Swiss-Prot.

Pharmacological mechanism analysis
----------------------------------

### Screening of similar drugs and prediction of putative targets for GSBXT

As our previous study[@b20], we used Drug Similarity Search tool in Therapeutic Targets Database[@b37] (TTD, <http://xin.cz3.nus.edu.sg/group/cjttd/ttd.asp>, Version 4.3.02 release on Aug 25th 2011) to screen similar drugs of GSBXT through the structural similarity comparison. We only selected the drugs with high similar score (\>0.85, similar \~ very similar) in the comparison with the structures of compositive compounds of each ingredient in GSBXT. The therapeutic targets of these similar drugs were also collected as putative targets of GSBXT. In total, we obtained 117 similar drugs and 53 putative targets of GSBXT. The detailed information on these similar drugs and putative targets is described in [Supplementary Table S3](#s1){ref-type="supplementary-material"}. The performance of this prediction method has been evaluated in our previous study[@b20].

### Gene Ontology (GO) and pathway enrichment analysis for HCC significant proteins and putative targets of GSBXT

We used Database for Annotation, Visualization and Integrated Discovery[@b38] (DAVID, <http://david.abcc.ncifcrf.gov/home.jsp>, version 6.7) for GO enrichment analysis. We also performed pathway enrichment analysis using pathway data obtained from the FTP service of KEGG[@b39] (Kyoto Encyclopedia of Genes and Genomes, <http://www.genome.jp/kegg/>, Last updated: Oct 16, 2012).

Network construction and analysis
---------------------------------

The ingredients, chemical components, and putative targets of GSBXT, and HCC significant proteins were respectively used to construct ingredient-chemical component-putative target network, putative target PPI network, HCC significant protein PPI network (HCC imbalanced network) and ingredient-chemical component-putative target-candidate HCC target network. The PPI data were obtained from eight existing PPI databases as mentioned above. Then, we applied Navigator software (Version 2.2.1) and Cytoscape (Version 2.8.1) to visualize the networks.

### HCC imbalanced network

The PPIs between HCC significant proteins and other human proteins were used to construct HCC imbalanced network. According to the previous study of Li et al.[@b21], we identified a node as a hub protein if its degree is more than 2 fold of the median degree of all nodes in a network. Then, the PPIs among hub HCC significant proteins were used to construct the network of hub HCC significant proteins. Moreover, four topological features, 'Degree', 'Betweenness', 'Closeness' and 'K value' (defined in 'Defining features set' section), were chosen to identify candidate HCC targets, the values of the four features for which were higher than the corresponding median values.

### GSBXT ingredient-chemical component-putative target network

The ingredient-chemical component-putative target network was constructed by linking five ingredients containing GSBXT, the chemical components containing in all ingredients and their putative targets.

### GSBXT putative target PPI network

The PPIs between all putative targets of GSBXT and other human proteins were used to construct GSBXT putative target PPI network. Similar with the analysis of HCC imbalanced network, the major putative targets were identified according to their values of the four topological features ('Degree', 'Betweenness', 'Closeness' and 'K value') in GSBXT putative target PPI network.

### GSBXT ingredient-chemical component-major putative target-candidate HCC target network

GSBXT ingredient-chemical component-major putative target-candidate HCC target network was constructed by linking five ingredients containing GSBXT, the chemical components containing in all ingredients, their major putative targets and candidate HCC targets which were interacted with putative targets.

### Defining features set

For each node i in the above networks, we defined four measures for assessing its topological property: (1) 'Degree' is defined as the number of links to node i; (2) 'Betweenness' is defined as the number of edges running through node i. (3) 'Closeness' is defined as the inverse of the farness which is the sum of node i distances to all other nodes. The Closeness centrality can be regarded as a measure of how long it will take to spread information from node i to all other nodes sequentially. Degree, betweenness and closeness centralities can measure a protein\'s topological importance in the network. The larger a protein\'s degree/betweenness/closeness centrality is, the more important the protein is in the PPI network[@b40]. (4) K-core analysis is an iterative process in which the nodes are removed from the networks in order of least-connected[@b41]. The core of maximum order is defined as the main core or the highest k-core of the network. A k-core sub-network of the original network can be generated by recursively deleting vertices from the network whose degree is less than k. This results in a series of sub-networks that gradually reveal the globally central region of the original network. On this basis, 'K value' is used to measure the centrality of node i.

Experimental validation
-----------------------

Nude mouse xenograft assays were used to examine the effects of GSBXT on the growth of HCC and to validate the predicted targets (HS90A_HUMAN, AT1A1_HUMAN and STAT3_HUMAN).

### GSBXT preparation

The GSBXT used in this study is manufactured by Institute of Chinese Materia Medica, China Academy of Chinese Medical Sciences (Beijing, China) using five Chinese herbs at a composition of 1.5 g Radix Kansui, 9 g Rhizoma Pinelliae, 10 g Radix Glycytthizae, 15 g Raidix Paeoniae Alba, and 15 g Mel. Briefly, the Mel was mixed with all Radix Kansui, Rhizoma Pinelliae, Radix Glycytthizae, and Raidix Paeoniae Alba, follow by extraction with hot water (twice, 2 hr each). The representative chemical compositions of ephedrina hydrochloridum (0.00056%), adenosine (0.000684%), uridnine (0.0028%), trigonelline (0.0001152%), peoniflorin (0.053%), albiflorin (0.15%), glycyrrhizin (0.14%), glycyrrhizic acid (0.38%), liquiritigenin (0.015%), isoliquiritin (0.01%), and isoliquiritigenin (0.0019%) in GSBXT were determined by HPLC analysis.

### Murine xenograft model *&* treatments

The experimental protocol was approved by Medical Experimental Animal Care Committee of 302 hospital of PLA and Institute of Chinese Materia Medica, China Academy of Chinese Medical Sciences.

Twenty 6-week-old male BALB/c-nude mice were obtained from SLRC Laboratory Animal (Shanghai, China). All mice were bred in laminar flow cabinets under specific pathogen-free conditions. Human HepG2 cells (1 × 10^8^) were injected subcutaneously into the subaxillary space of each mouse. After that, all mice were randomly assigned to 4 groups (n = 5 for each group), which received a daily oral dose of vehicle solution (control group), 3.6 g/kg (low dose group, p.o. daily), 7.2 g/kg (middle dose group, p.o. daily) and 14.4 g/kg (high dose group, p.o. daily) GSBXT, respectively. The dose of GSBXT was based on human therapeutic dose. The recommended daily human dosage of GSBXT is 0.8 g/kg. According to the surface area rule, dosage of 7.2 g/kg is chosen as clinical equivalent dose in present study. The drugs were given with oral administration once daily for 21 consecutive days. Mice were weighed and the tumor width (W) and length (L) were measured every three days. Tumor volume was estimated according to the standard formula 1/2 × L × W^2^. Two days after the last administration, the animals were anesthetized. For each group, tumor tissues of three randomly selected mice were homogenized into tumor lysis buffer for western blot analysis. Tumor tissues of the other two mice were fixed in paraformaldehyde overnight for immunohistochemical analysis. Brain, heart, lung, liver and kidney tissues of three randomly selected mice were fixed in paraformaldehyde overnight for hematoxylin--eosin stain to detect the toxic effect of GSBXT.

### Western blot assay

Western Blot procedures were described in our previous studies[@b42][@b43]. Primary antibodies included anti-Hsp90α (\#ab59459, Abcam; Cambridge, MA), anti-ATP1A1 (\#ab7671, Abcam; Cambridge, MA), anti-STAT3 (\#ab15523, Abcam; Cambridge, MA), and anti-β-actin (\#ab14128, Abcam; Cambridge, MA). All experiments were done in triplicate. Mean normalized protein expression ± SE was calculated from independent experiments.

### Immunohistochemical staining

The immunohistochemical staining protocol and semiquantitative analysis were carried out following the protocol of our previous study[@b44]. Primary antibodies included anti-Hsp90α (\#ab59459, Abcam; Cambridge, MA), anti-ATP1A1 (\#ab7671, Abcam; Cambridge, MA) and anti-STAT3 (\#ab15523, Abcam; Cambridge, MA).

Following a hematoxylin counterstaining, immunostaining was scored by two independent experienced pathologists, who were blinded to the background information of the mice. The scores of the two pathologists were compared and any discrepant scores were trained through re-examining the stainings by both pathologists to achieve a consensus score. The number of positive-staining cells in ten representative microscopic fields was counted and the percentage of positive cells was calculated. The percentage scoring of immunoreactive tumor cells was as follows: 0 (0%), 1 (1--10%), 2 (11--50%) and 3 (\>50%). The staining intensity was visually scored and stratified as follows: 0 (negative), 1 (weak), 2 (moderate) and 3 (strong). A final immunoreactive score (IRS) was obtained for each case by multiplying the percentage and the intensity score.

Statistical analysis
--------------------

The software of SPSS version13.0 for Windows (SPSS Inc, Chicago, IL, USA) and SAS 9.1 (SAS Institute, Cary, NC) was used for statistical analysis. Continuous variables were expressed as . For comparisons of means among multiple groups, one-way ANOVA followed by LSD test was performed. Differences were considered statistically significant when *P* was less than 0.05.
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![A schematic diagram of this systems biology-based investigation into the pharmacological mechanisms of GSBXT acting on Hepatocellular carcinoma (HCC) by integrating multitarget identification and network analysis.](srep04154-f1){#f1}

![Interaction network between chemical components of GSBXT and their putative targets built and visualized with Navigator.\
(A) Multi-level network of Ingredient-chemical component-putative target; (B) Interaction network of Ingredient-putative target extracted from (A), in order to understand relationships among drug ingredients in GSBXT. Edges: interactions between chemical components of GSBXT and their putative targets; Pink square nodes: five ingredients in GSBXT, including Radix Kansui, Rhizoma Pinelliae, Radix Glycytthizae, Raidix Paeoniae Alba and Mel; Blue triangular nodes: chemical components of GSBXT; Yellow round nodes: putative targets for chemical components of GSBXT. Yellow round nodes with red rings: putative targets shared by various ingredients in GSBXT.](srep04154-f2){#f2}

![(A) Protein-protein interaction (PPI) network between putative targets of GSBXT and their interactive partners built and visualized with Navigator. Edges: PPIs between putative targets of GSBXT and their interactive partners; Yellow round nodes: putative targets of GSBXT; Purple.round nodes: interactive partners of putative targets of GSBXT. (B) Multi-level network of drug ingredients → major putative targets → candidate HCC targets built and visualized with Navigator. Pink square nodes: five ingredients in GSBXT: Radix Kansui, Rhizoma Pinelliae, Radix Glycytthizae, Raidix Paeoniae Alba and Mel; Yellow round nodes: major putative targets of GSBXT; Yellow round nodes with purple ring: major putative targets which had more than 10 direct interactions with candidate HCC targets; Green triangular nodes: candidate HCC targets.](srep04154-f3){#f3}

![GSBXT inhibits tumor growth in vivo.\
(A) Images of dissected tumors in control, low dose, middle dose and high dose groups. (B) Tumor sizes of xenografts in control, low dose, middle dose and high dose groups. (C) Tumor weight of xenografts in control, low dose, middle dose and high dose groups. Data are represented as the mean ± S.D. '\*' and '\*\*', P \< 0.05 and P \< 0.01, respectively, comparison with the control group.](srep04154-f4){#f4}

![GSBXT administration suppresses Hsp90α (A), ATP1A1 (B) and STAT3 (C) protein expression in tumor tissues of murine xenograft models examined by immunohistochemistry (A \~ C) and western blot (D).\
Data are represented as the mean ± S.D. '\*', '\*\*' and '\*\*\*', P \< 0.05, P \< 0.01 and P \< 0.001, respectively, comparison with the control group.](srep04154-f5){#f5}

###### List of the putative targets for various chemical components containing in five ingredients of GSBXT

  Putative Targets    NO. of Components[\*](#t1-fn1){ref-type="fn"}                     Drug Ingredients
  ------------------ ----------------------------------------------- ------------------------------------------------------
  ACHE                                      2                                        Mel/Radix Glycytthizae
  CHRNA2                                    1                                                 Mel
  CHRM1                                     7                                 Mel/Radix Glycytthizae/Radix Kansui
  CHRM2                                     1                                                 Mel
  CHRM3                                     1                                                 Mel
  CHRM5                                     1                                                 Mel
  ADRB1                                     6                                   Radix Glycytthizae/Radix Kansui
  ADRB2                                     1                                          Radix Glycytthizae
  ALB                                       1                                         Raidix Paeoniae Alba
  NAGLU                                     1                                          Radix Glycytthizae
  AR                                        4                                          Radix Glycytthizae
  ATP1A1                                    4                               Raidix Paeoniae Alba/Radix Glycytthizae
  SERPINA6                                  6                               Raidix Paeoniae Alba/Radix Glycytthizae
  BCHE                                      3                                        Radix Glycytthizae/Mel
  CLCN2                                     1                                          Radix Glycytthizae
  COMT                                      1                                          Radix Glycytthizae
  CPT1A                                     1                                                 Mel
  CPT1B                                     1                                                 Mel
  DGAT1                                     1                                          Radix Glycytthizae
  ESR1                                      1                                          Radix Glycytthizae
  FCGR2A                                    6                                   Radix Glycytthizae/Radix Kansui
  FGFR2                                     2                               Raidix Paeoniae Alba/Radix Glycytthizae
  FNTA                                      6                                   Radix Glycytthizae/Radix Kansui
  ABAT                                      6                                   Radix Glycytthizae/Radix Kansui
  GABRA1                                    6                                   Radix Glycytthizae/Radix Kansui
  NR3C1                                     8                               Raidix Paeoniae Alba/Radix Glycytthizae
  HBA1                                      1                                         Raidix Paeoniae Alba
  HBB                                       1                                         Raidix Paeoniae Alba
  HMGCR                                     1                                         Raidix Paeoniae Alba
  Hsp90α                                    6                                   Radix Glycytthizae/Radix Kansui
  NR3C2                                     5                                          Radix Glycytthizae
  MGAM                                      1                                          Radix Glycytthizae
  MPI                                       1                                          Radix Glycytthizae
  MLNR                                      3                                          Radix Glycytthizae
  MTOR                                      3                                          Radix Glycytthizae
  NOS2                                      1                                          Radix Glycytthizae
  OPRD1                                     1                                          Radix Glycytthizae
  OPRM1                                     6                                   Radix Glycytthizae/Radix Kansui
  PLA2G1B                                   5                                          Radix Glycytthizae
  PARP1                                     1                                          Rhizoma Pinelliae
  PROC                                      1                                         Raidix Paeoniae Alba
  RARA                                      1                                          Radix Glycytthizae
  SLC12A1                                   7                         Raidix Paeoniae Alba/Radix Glycytthizae/Radix Kansui
  SCN5A                                     2                                         Raidix Paeoniae Alba
  STAT3                                     6                                          Radix Glycytthizae
  TUBB2C                                    2                                          Radix Glycytthizae
  TBB5                                      9                                          Radix Glycytthizae
  TOP2A                                     1                                          Radix Glycytthizae
  TOP2B                                     1                                          Radix Glycytthizae
  TRPA1                                     1                                             Radix Kansui
  TRPM8                                     1                                             Radix Kansui
  VDR                                       8                         Raidix Paeoniae Alba/Radix Glycytthizae/Radix Kansui
  WEE1                                      6                                   Radix Glycytthizae/Radix Kansui

**Note:** '\*' refers to the number of the chemical components targeting the given putative targets.
